INTRODUCTION
During photosynthesis, the outward electron flow from photosystem (PS) I leads to the reduction of ferredoxin (Fd), a soluble electron shuttle containing a [2Fe-2S] center as its prosthetic group (Hase et al., 2006) . The main use for these photosynthetic electrons is the generation of the NADPH needed for CO 2 assimilation, which is accomplished through re-oxidation of Fd in a reaction catalyzed by Fd-NADP + reductase (FNR) (Ceccarelli et al., 2004; Mulo, 2011) . The transfer of electrons from H 2 O to NADP + is the principal mechanism of linear electron flow (LEF) and is one of the possible fates of electrons moving through the photosynthetic electron transport chain (PETC).
Alternatively, Fd may return electrons to the plastoquinone (PQ) pool of the PETC, mediating a cyclic flow around PSI (CEF-PSI) (Shikanai, 2007; Rochaix, 2011) . This alternative route of electron donation by Fd is also coupled to the generation of a transthylakoid proton gradient (ΔpH): (i) to produce additional ATP with no net reduction of NADP + , and (ii) to induce the dissipative mechanisms of nonphotochemical quenching (NPQ), which help maintain the redox poise of the PETC (Munekage et al., 2004; DalCorso et al., 2008) . CEF-PSI can proceed through two partially redundant pathways, either the Fd-dependent route involving a putative Fdquinone reductase and the PGRL1/PGR5 complex, and/or via the membrane-bound NAD(P)H dehydrogenase complex (NDH) (Munekage et al., 2004; DalCorso et al., 2008) . Besides these two divergent electron flow routes, Fd is also the low-potential electron donor to many metabolic and regulatory pathways of the chloroplast. They include nitrogen and sulfur assimilation, fatty acid desaturation, regeneration of peroxiredoxin and ascorbate, and reduction of thioredoxin via Fd-thioredoxin reductase (Schürmann and Buchanan, 2008) . Therefore, Fd plays a dual role in primary and secondary metabolism, as donor of reducing equivalents and at the same time as a higher between photosynthetic isoforms of the same species, relative to orthologs of closely related genera (Hanke and Hase 2008; Blanco et al., 2011, Supplemental Fig. S1 ). A thorough comparison of the biochemical properties of two photosynthetic Fds from the same species has only been performed with proteins from pea (Pisum sativum) (Dutton and Rogers, 1980) and Arabidopsis (Arabidopsis thaliana) (Hanke et al., 2004) .
In both cases, only minor differences were detected in redox potential, electron transfer capacity with FNR and NADP + photoreduction, indicating that there must be significant redundant capacity, and yielding no information on any molecular mechanism that could be responsible for differential electron partitioning.
lines showed minor phenotypic changes and an enhanced LEF under certain circumstances.
Complementary to these knock out and knock down studies, it would be of great value to analyze plants in which the different kinds of photosynthetic Fd iso-protein were over-expressed. Until now the only work concerning this issue has been the expression of the major Arabidopsis iso-protein, AtFd2, in tobacco (Nicotiana tabacum)
chloroplasts, using a transplastomic strategy. The transgenic plants obtained did not show a dramatic phenotype and the CEF-PSI was enhanced only at HL growth intensities (Yamamoto et al., 2006) . However, no attempt has yet been made to overexpress one of the minor Fd iso-proteins, which have been proposed to differentially operate in CEF.
To gain a better comprehension of this aspect of plant biology, we generated transplastomic tobacco plants expressing the minor Fd isoform from pea (PsFd1).
Unexpectedly, the transgenic plants exhibited a range of abnormalities, including moderate growth retardation, a leaf-variegated phenotype and impaired photosynthesis.
Electron transport measurements revealed that the transformants had elevated CEF-PSI, which was accompanied with a reduction in LEF, resulting in lower carbon assimilation rates and a significant increase in the NPQ mechanism. The results strongly support the notion that specific chloroplast Fd isoforms are evolutionarily tailored to produce alternative electron partitioning between linear and cyclic electron flow.
f.w. respectively), indicating that the introduced Fd is correctly assembled into the holoform. In addition, the spectra of the two Fd fractions show subtle differences around the peak at 280 nm, reflecting differences in aromatic amino acid side chains between Fd from WT tobacco, and Fd isolated from OeFd1 plants, which contain a high proportion of the introduced pea Fd1.
Surprisingly, the transformed lines showed growth retardation, as evidenced by delayed flowering and lower biomass accumulation, lower number of nodes and shorter internodal distance, and exhibited variegated leaves through all stages of their lifetime ( Fig. 2 ; Table I ). Analysis of photosynthetic pigments in whole leaves revealed that 9-week-old OeFd1 plants contained ~17% less total chlorophyll with respect to WT siblings, with no modifications in the chlorophyll a/b ratio and carotenoid contents (Table I) (Table II) . Unlike photochemical parameters, the NPQ value was markedly increased in OeFd1 plants (Table II) . The chlorophyll fluorescence steady-state values and traces collected at both light intensities (Table II; Fig. 4 and Supplemental Fig. S3 ), plus the higher F o values of dark-adapted OeFd1 plants, suggest that although the transgenic line is less photochemically efficient than the WT, it is not disproportionally affected by increasing light intensity.
Chlorophyll fluorescence parameters in OeFd1 plants
To exclude any adaptive processes that could be triggered by HL during steady-state measurements, we used a shorter measuring time scale to estimate CO 2 assimilation rates, ETR and NPQ values. The transformants showed lower CO 2 assimilation rates and ETR ( Fig. 6A and B) relative to WT siblings at all tested light intensities, whereas NPQ exhibited a relatively large increase to 500 μ mol quanta m -2 s -1 on (Fig. 6C) . The differential photosynthetic performance in OeFd1 plants was independent of the developmental stage as it was also observed in measurements conducted on older plants (Supplemental Fig. S4 ).
One explanation for the decreased photochemistry of OeFd1 plants and its high F o values might be increased photoinhibition of PSII, even though levels of PsbA (D1) indicate this is not the case ( Taken together, the whole data set indicate that OeFd1 plants are not photoinhibited and that the ratios between components of the different CET complexes are relatively unchanged apart from Fd complement, but that partitioning of energy around the PETC system is altered compared to the wild type. While they display a decreased LEF, the higher Fd content seems to favor non assimilative processes (NPQ), which might help in part to relieve excitation pressure over the PETC at increasing light intensities.
Evidence for elevated CEF-PSI activity in OeFd1 plants
Since NPQ largely relies on the generation of a Δ pH, through electron movement in the PETC, and LEF was decreased in OeFd1 plants, we evaluated the hypothesis that alternative electron partitioning could favor CEF-PSI in PsFd1-overexpressing plants.
One way to monitor electron donation from stromal reductants to the PQ pool is by measuring chlorophyll fluorescence during light-dark transitions (Burrows et al., 1998; Kofer et al., 1998; Sazanov et al., 1998; Shikanai et al., 1998) . The increased NPQ in OeFd1 under these conditions ( Fig. 6 ) presumably contributes to the decreased chlorophyll fluorescence signal and the enhanced dark relaxation.
To obtain a better understanding of the PsFd1-dependent changes that might produce a higher electron flow into the PQ pool, we measured the redox status of PSI by monitoring the absorbance changes at 830 nm. Near infra-red (NIR) illumination was used to preferentially oxidize the PSI RC, and the rate of dark re-reduction was estimated after turning off the NIR light (Ivanov et al., 2006) . The maximum P700 oxidation value (ΔP700 max ) was 40% lower in OeFd1 plants ( Table IV ). The calculated τ 1/2 for the first phase of the exponential decay in OeFd1 leaves was 3-to 4-fold faster than that of the WT, and the second component was also slightly faster (Table IV) ) instead of NIR to record the redox turnover of P700 under conditions in which both photosystems are operating. The oxidation kinetics of P700 by AL in WT plants showed two phase kinetics, with a very rapid initial oxidation followed by reduction and then a slower increase in oxidation. OeFd1 plants also showed this two phase kinetics, but the rate of oxidation for both phases was much slower, indicating either less efficient oxidation, or more efficient re-reduction of PSI (Supplemental Fig. S6 ).
We subsequently adapted the previous experiment to leaf-discs to improve uptake of the inhibitors of PETC employed to probe CEF-PSI functionality. Using water as a vacuum infiltration control yielded only minor differences in the oxidation kinetics of PSI in this experimental system ( Due to increased Δ pH formation, enhanced CEF-PSI is expected to also enhance ATP production (Shikanai, 2007) . In accordance with this presumption, the ATP/ADP ratio of OeFd1 plants was found to be 20% higher relative to WT (Table I) , lending further support to the notion that CEF-PSI activity was exaggerated in OeFd1 plants. Taken together, these observations allow us to conclude that expression in tobacco of the minor, alternative pea Fd isoform, PsFd1 introduced significant changes in photosynthetic electron partitioning, and that these are consistent with CEF-PSI being favored over LEF.
DISCUSSION

Overexpression of PsFd1 in tobacco plants results in a dramatic phenotypic effect
Since the discovery that several Fd isoforms are present in leaf chloroplasts, a critical question has been whether these various forms can differentially partition electrons to either LEF or CEF-PSI (Hanke et al., 2004; Hanke and Hase, 2008; Voss et al., 2008 1A) . It is likely that introduction of the PsFd1 transgene into the plastid genome allowed its expression to bypass the nuclear-cytosolic regulatory constraints that usually affect Fd mRNA levels (Petracek et al., 1998; Ceccoli et al., 2011) . Retarded growth of
OeFd1 plants is consistent with lower CO 2 assimilation, relative to WT, at all light intensities assayed (Table II 
OeFd1 plants have decreased LEF and an increase in NPQ-mechanism
Although no change was detected in the relative abundance of protein components of the PETC, analysis of PSII function revealed several alterations in electron distribution through the chain. The ability to perform photochemistry was diminished in OeFd1 lines, as indicated by both steady-state and rapid measurements, although higher light intensity did not significantly increase these problems relative to the WT (Table II (Table II) , when the fate of absorbed energy at PSII was examined (as outlined by Klughammer and Schreiber, 2008) we found that an increased efficiency of NPQ appeared to be responsible for this less efficient photochemistry in OeFd1 (Table III) . Moreover, the qL parameter showed the PSII RC was actually more open, indicating a more oxidized state of the first acceptor (Q A ), and the fraction of energy passively dissipated in the form of heat or fluorescence (Y(NO)) was similar between WT and OeFd1 plants. These results clearly argue against a simple saturation of the PETC or an extensive photoinhibitory process (Shikanai et al., 1999; Baker, 2008) .
This apparently paradoxical behavior of OeFd1 plants, i.e. a larger electron acceptor pool with a significant decrease in linear electron flow and no signs of photoinhibition, is accompanied by a greater capacity to cope with HL intensities by deploying an augmented NPQ response, even at older developmental stages (Table II ; Fig. 6 ; Supplemental Fig. S4 ). Fd-dependent NPQ is involved in the dissipation of excess energy and is governed by the extent of the proton gradient generated across the thylakoid membranes, as modulated by CEF-PSI (Müller et al., 2001; Munekage et al., 2004; Shikanai, 2007; DalCorso et al., 2008) . In an analogous rationale to the screen for mutants with defects in CEF (Shikanai et al., 1999) , the most likely explanation for these results is that, when expressed in tobacco chloroplasts, the minor PsFd1 isoform favors alternative partitioning of electrons into CEF-PSI over LEF. (Fig. 7) . This phenomenon has been attributed to PQ reduction by stromal reductants via NDH (Burrows et al., 1998; Kofer et al., 1998; Sazanov et al., 1998; Shikanai et al., 1998) . The identification of a novel component of the NDH complex, named CRR31, whose predicted tertiary structure shares common aspects with PsaE Fd-docking site, strongly suggests direct electron transfer from Fd to this complex and therefore a direct contribution of Fd to the increased transient rise in fluorescence (Yamamoto et al., 2011) . Moreover, the participation of Fd in this post illumination increase in fluorescence has recently been reported (Gotoh et al., 2010) .
Therefore the contribution of excess Fd dependent-CEF in OeFd1 lines may be sufficient to explain this difference (Fig. 7) . Considering all these variables, the enhanced CEF in OeFd1 transplastomic plants might provide the electron flow required to sustain an energetic-dependent NPQ rise, which in turn relaxes after turning off AL (Niyogi, 1999; Shikanai, 2007) . Moreover, the NDH-dependent CEF pathway has been shown to be responsible for dark dependent input of electrons to PETC (Sazanov et al., 1998) , and enhancement of this process could in part help to explain the increased F o values measured in OeFd1 plants following dark adaptation. Analysis of P700 turnover also provided support for the hypothesis that CEF-PSI activity was exaggerated in PsFd1-expressing lines. The combination of lower Δ P700 max and higher P700 + reduction rates, as illustrated in Figure 8 , Supplemental Figure S5 and Table IV, has been linked to increased CEF-PSI both in vivo and in vitro (Ivanov et al., 2006; Iwai et al., 2010; Lehtimäki et al., 2010) . We detected no significant modifications in extrinsic and intrinsic protein components of PSI, PSII and complex Cytb 6 f (Fig. 5) + reduction rather than a deficiency in electron removal from PSI (Table IV ; Fig. 8 and 9 ).
We therefore propose a model, in which at the levels of expression obtained in OeFd1 Fd2 specific features that might determine variable activity. The only molecular mechanism associated with increased CEF activity that has so far been described involves decreased affinity for FNR in LEF (Kimata-Ariga et al., 2000). However, the amino acids responsible for this are not conserved in Fd1 sequences from either pea or Arabidopsis, and identification of the molecular determinant of Fd-involvement in CEF therefore remains a future research priority
Physiological impact of enhanced CEF in PsFd1 over-expressors
In previous work, NaHSO 3 stimulation of ATP synthesis has been found to correlate with increased growth rates (Wu et al., 2011) . In this study, both CEF and LEF were stimulated by the NaHSO 3 treatment, while our data indicate that in OeFd1 plants, CEF is stimulated at the expense of LEF, with the result that increased ATP/ADP ratios have no effect on the plants primary production. While some of the phenotypic features of the transformants (i.e., retarded growth, lower biomass) can be explained by the direct effects on LEF and CO 2 assimilation rates and their connection with other metabolic pathways, the variegated phenotype and the altered leaf tissue architecture ( Fig. 2 and 3) deserve further attention. Leaf variegation has been attributed to faulty chloroplast biogenesis, and several Arabidopsis mutants with this phenotype (such as immutans and var) have been characterized (Aluru et al., 2006; Liu et al., 2010; Pogson and Albrecht, 2011) . Immutans plants result from a loss-of-function mutation at ptox, the alternative quinone oxidase of chloroplasts, which relieves electron pressure from the PETC under conditions of excess excitation energy and preferentially in early stages of chloroplast development (Carol et al., 1999; Okegawa et al., 2010; McDonald et al., 2011) From the analysis of TEM images, we observed that the reduced photosynthetic capacity of OeFd1 line is associated with a decline in starch content (Fig. 3 H-J) . This, in turn, leads to disappearance and/or a rearrangement of the chloroplasts located along the anticlinal cell walls of palisade parenchyma cells which are exposed to the light. The movement of chloroplasts is considered a form of defense to avoid photo-damage under strong light (chloroplast photo-relocation movement) (Kong and Wada, 2011; Tsuboi and Wada, 2011) . In accordance with observations obtained in the fern Adiantum capillus-veneris using inhibitors of the PETC (Sugiyama and Kadota, 2011) our data suggest that this plant organelle movement probably involves crosstalk between the redox state of the PQ pool and phototropin sensors during initial light signal sensing (Kong and Wada, 2011) .
In addition to chloroplast movement, the appearance of swollen thylakoids and profusion of plastoglobuli likely reflects higher osmotic pressure caused by acidification and H + accumulation in the lumen, as described in others mutants (Dal Bosco et al., 2004 , which could additionally be accompanied by uptake of Cl -ions, exacerbating the osmotic pressure and contributing to the thylakoid swelling. The higher ATP/ADP ratio measured in these plants are also consistent with the higher H + gradient (Table I) .
Concluding remarks
The results presented in this work complement and confirm earlier reports indicating that a division of labor does exist among Fd isoforms, which are able to differentially shown that knock-out mutation of the major isoform AtFd2 in Arabidopsis led to higher expression of non-photosynthetic Fd (Fd3 and Fdc1), whereas AtFd1, the minor photosynthetic isoform preferentially engaged in CEF-PSI, was up-regulated only when plants were exposed to HL irradiation. Our results provide further support for the existence of a novel protective mechanism based on controlling the abundance of specific Fd isoforms. This mechanism could allow strict control of the PETC redox poise, preventing its overreduction under adverse environmental conditions. When faced with such non-optimal situations, the differential induction of a minor, alternative
Fd isoform such as PsFd1, which favors CEF-PSI with respect to LEF could be an adaptive mechanism to cope with excess incoming light energy. Although the molecular features that determine Fd preference for LEF or CEF-PSI have yet to be determined, it is conceivable that evolution has refined the properties of these electron carrier proteins to optimize energy use efficiency and protection under changing environments, controlling their relative abundance, affinities and electron transfer rates. , 25 °C and a 16/8 h photoperiod (growth chamber conditions). Unless otherwise stated, experiments were performed using 7 to 9 week-old specimens grown in soil.
MATERIAL AND METHODS
Generation of tobacco transplastomic plants
Protein extracts were prepared following grinding in liquid N2, and extraction into 50 mM Tris-HCl (pH 7,8), 5 mM MgCl 2 , 5 mM EDTA, 5 mM DTT and 1 mM PMSF, followed by filtration through one layer of Miracloth and centrifugation at 4000 g to remove debris. The presence of Fd isoforms in leaf extracts of tobacco and pea plants was determined by SDS-PAGE and immunoblot analysis with specific antisera raised against pea Fd. The levels of photosynthetic pigments were determined spectrophotometrically after ethanol extraction of leaf discs (Lichtenthaler, 1987) . Other physiological measurements were determined according to Blanco et al. (2011) . ATP and ADP content were determined as described by Debast and coworkers (Debast et al., 2011) .
Ferredoxin purification from mature tobacco leaves
Ferredoxin was purified from the mature leaves of tobacco plants 6 weeks after germination (212 g for wt and 145 g for OeFd1) basically as described by Buchannan and Arnon (1971) , except that the initial extraction was made in 50 mM Tris-HCl pH 7.5, 100 mM NaCl and in the presence of 50 g pre-swollen polyvinyl polypyrrolidone.
In addition, following first dialysis, chromatography was performed first with DEAEcellulose, then phenylsepharose before a second dialysis, and finally over Q-sepharose followed by superose (all columns from GE Healthcare Europe GmbH, Freiburg, Germany).
Histological and ultrastructural analysis of leaf tissue
For primary fixation, 1-mm 2 sections of the second youngest fully expanded leaves were incubated for 4 h in a 2 ml dull microcentrifuge tube at 25 °C in 50 mM cacodylate buffer, pH 7.2, containing 2% (v/v) glutaraldehyde and 2% (v/v) formaldehyde, followed by one wash with buffer and two washes with distilled water.
For the secondary fixation, samples were transferred to 1% (w/v) OsO 4 . After 1 h, they were washed three times with distilled water. Dehydration, resin embedding and thin sectioning for light and electron microscopy were performed as described previously (Tognetti et al., 2006) , except that a FEI Tecnai G2 Sphera transmission electron microscope (FEI, Hillsboro, US) was used for ultrastructural analysis at 120 kV.
Determination of photosynthetic parameters
Chlorophyll fluorescence measurements were performed using a pulse-modulated PAM-101 fluorometer with integrated PAM-103 (Walz, Effeltrich, Germany). Fv and Fm were determined after dark adaptation of leaves for 30 min and overnight. Net CO 2 assimilation rates (A CO 2 ), ETR and NPQ parameters were determined using LI-6400 (LI-COR, Lincoln, US) at increasing light intensities (25, 50, 100, 250, 500, 750, 1000, 1500 and 2000 μ mol quanta m -2 s -1 ) for 3 min 45 s for each condition.
A PAM-101 Fluorometer system (Walz) was used to determine the redox state of P700 in the second attached leaves or leaf discs (1.54 cm 2 ). Leaves were dark adapted for at least 15 min prior to each measurement. P700 was oxidized by NIR light and the Δ P700 max values were calculated from the changes in absorption at 830 and 860 nm (Voss et al., 2008) .
Kinetic curves of P700 + reduction in the dark were fit by a double exponential decay and the half-times were calculated as τ 1/2 = (1/k).ln2 according to Golding et al. (2004) .
To evaluate PSI turnover, time courses of P700 oxidation were determined at 200 and 
Statistical analyses
Data were analyzed using t-test. When the normality and/or equal variance assumptions
were not met, the Mann-Whitney rank sum test was used. The significance refers to statistical significance at P<0.05 or P<0.005. Chlorophyll a / Chlorophyll b 3.12 ± 0.25 3.02 ± 0.31 ATP/ADP 1.00 ± 0.04 1.25 ± 0.06** Table II . Determination of chlorophyll fluorescence parameters in PsFd1-overexpressing and WT tobacco plants.
Nine-week-old plants were measured 3-6 h into the light period, and dark-incubated for 30 min prior to dark-adapted measurements (F v /F m ). Table IV . Kinetics of P700 turnover under NIR illumination in leaves from PsFd1-overexpressing and WT tobacco plants.
Nine-week-old plants were assayed 3-6 h into the light period, and dark-adapted for 30 min prior to measurements. Data reported are means ± SD of at least 10 measurements on independent plants. Asterisks indicate significant differences between OeFd1 and WT plants with P<0.005 (**). corresponding to 11-week-old WT (closed circles) and OeFd1 (open circles) leaves (A).
WT
OeFd1
Determinations were carried out on the second and third youngest fully expanded leaves. Fluorescence determinations to obtain ETR (B) and NPQ (C) were run in parallel to CO 2 assimilation rate data collection. In all cases, each data point represents the average ± SE of five assays on independent plants. Figure S5 . Effect of DBMIB on P700 oxidation kinetics by NIR light. 
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